Interest in the use of cover crops for soil health improvement and soil amelioration with organic matter is increasing. In addition to more general benefits, cover crops have also long been implemented for biological nematode suppression. For example for more than three decades, Heterodera schachtii has been managed by cultivating nematode-resistant brassica cover crops in Central Europe and more recently in North America. Production systems may require additional cover crop species when brassica cover crops are undesirable because of the potential increase of other soil-borne diseases, e.g., club root, that could negatively impact brassica cash crops. Alternative plant species fit for nematode suppression are needed. The tropical legume Crotalaria juncea has been successfully implemented for the suppression of Meloidogyne spp. in climates most typical to its growth requirements. This plant combines the benefits of nitrogen fixation with nematode antagonistic properties. Crotalaria juncea poses no consumption risk for ruminant animals in contrast to other species of this genus. The current study determined the C. juncea host status to five cyst nematodes, and examined the vegetation period requirements of the crop of exemplary two commercial cultivars. Both cultivars were resistant to the nematode species tested, and grew most vigorously when planted in May or June when soil temperatures were conducive for germination. This widely known nematode-suppressing plant can be grown in Central Europe. Further field studies will need to address the implementation of this plant species.
INTRODUCTION
Plant-parasitic nematodes resemble a long-lasting production challenge for almost all crops. In many areas of the world, nematode infections are suppressed by chemical control options [1] . In Europe for decades, such strategies are under critical reconsideration in light of environmental, consumer and applicator health issues. For example in Germany, only Fosthiazate as nematicidal compound for use in potato (Solanum tuberosum L.) is currently registered [2] . Implementation of host plant resistance and tolerance of cash crops has been successful to reduce the yield-reducing effects of nematode pests [3] . Such strategies require a long breeding process to develop high-yielding cultivars and are often threatened by the presence of new nematode pathotypes that can overcome the resistance [4] . Use of suppressive soil concepts along with directed implementation of biological control carries great promise but needs to be developed into management recommendations before comprehensive usefulness can be secured [5] . Sustainable production systems require integrated management options that predictably reduce the negative effects of nematode infestations [6] . Application of organic amendments and cropping of catch crops as cover or companion crops has a long tradition in integrated nematode management [7, 8] . One success story of implementing resistant cover crops as integral component of a production system is the use of nematode-resistant brassica hosts as catch crops to reduce population densities of Heterodera schachtii Schm. below biological and economic threshold levels in sugar beet (Beta vulgaris L.) production in Germany and the U.S [9, 10] . In this system, nematode-resistant brassica cover crops are grown prior to sugar beet that then can be produced every three years. Heterodera schachtii negatively impacts yields of sugar beet and brassica vegetable crops [11, 12] . Protected by its cyst, this parasite survives for several years in the field, and various field parameters impact how natural decline and spontaneous hatch reduce the inoculum potential relative to threshold levels [13] . In addition to nematode suppression, cover cropping provides benefits in other ways for yield improvements in sugar beet [14, 15] . In central Europe, cropping of sugar beet and oilseed rape (Brassica napus L.), another host of H. schachtii, in the same rotation has long been discouraged because the feared build-up of nematode populations but recently, it has been more frequently practiced [16, 17] . No detrimental nematode reproduction under the production rapeseed was detected, and heavy reproduction under the inevitable volunteer rape seed after harvest of the cash crop can be averted by volunteer destruction after 250 degree days [18, 19] . A crop rotation scheme using sugar beet, brassica cover crops, and rapeseed with high frequency, increases the potential risk of build-up of Plasmodiophora brassicae Woronin on the brassica, which is an increasing risk factor for rape seed production [20] . Clearly alternative cover crops with H. schachtii-reducing potential are urgently needed.
Worldwide, various plant species are used as cover crops. Crotalaria juncea L. is of particular interest because of its poor-host status to many plant-parasitic nematodes [21] . Other benefits of this plant are its nematode antagonistic properties via secondary metabolites and its nitrogen fixation capacities being a tropical legume [21] . The plant is well adapted to sub-tropical and tropical climates where it is reported effective against the most important nematodes, namely Meloidogyne spp [21] . This plant has been successfully used as far North as Maryland, US (39°2' N) and the Po Valley of Italy (45°0' N) [22, 23] but very little is known if it could be grown in Central Europe and whether it would provide its nematode suppressing capacities against cyst nematodes.
We hypothesized that C. juncea was resistant and suppressive against key nematode pests of Central Europe, and that it could be grown successfully in northern Germany. The objectives of the current study were to (a) determine the host status of C. juncea to Globodera pallida (Stone) Behrens, G. rostochiensis (Woll.) Behrens, Heterodera avenae Wollenweber, H. filipjevi (Madzhidov) Stelter, and H. schachtii; (b) determine the adaptability in germination, nitrogen fertilizer requirements, and growth pattern to Central Europe, and (c) measure its nematode suppressing capacities under field conditions in microplots.
MATERIAL AND METHODS
Two cultivars of C. juncea were used in the study, 'large cap Tillage Sunn' (Cover Crop Solutions, Lititz, PA, US) and 'Tropic Sun' (Molokai Seeds, Kaunakakai, Hawaii, US). Seeds of each cultivar were inoculated with Rhizobium leguminosarum Frank biovar viceae (N-Dure, INTX Microbials LLC, Kentland, IN, US) at 0.6 g material per 100 g of seed before introducing into the various experimental contexts unless otherwise noted.
Resistance determination to Globodera pallida (pathotype Pa 3) and G. rostochiensis (Ro1, Ro 3)
This test followed the standard protocol as outlined in the EU Directive [24] . Eighteen seeds of each of the Crotalaria 'Tropic Sun' and 'Tillage Sunn' were planted per 1.4-L pot into loess soil amended with slow release fertilizer (1.5 g slow-release fertilizer Osmocote  /kg of loess soil) while being amended with cysts containing eggs from pure inocula raised on potato 'Desiree' in the year prior (Ro1: 31 cysts containing 14 single seed piece of the susceptible potato 'Desiree' and a fallow treatment. Four replicate pots were arranged on greenhouse benches initially at 18 °C and later as ambient temperature allowed below 25 °C, and incubated from March 11 until June 23. At harvest, plant tops were severed and discarded. The entire pot content was used for nematode extraction. Cysts were washed off the root system with a jet stream of water while this was placed in a large-mesh sieve nested on top of a 5-L bucket with a 250-μm aperture sieve bottom. The separated cysts were transferred onto a filter paper to then be separated by the ethanol method [25] , counted, and broken open in a custom-made cyst crusher [26] for egg counts. Egg numbers were compared to those under a single plant/pot of the susceptible potato 'Desiree' standard, and a tentative resistance class assigned as prescribed by the EU Directive.
Resistance determination to Heterodera avenae and H. filipjevi
This test followed the standard protocol implemented for resistance determination of small grains towards cereal cyst nematodes (Westphal, unpublished) . Briefly, twelve PVC folding boxes holding 100 mL soil (20 × 40 × 120 mm) filled with subsoil loess amended with nutrient solution were planted to the seeds. Deviating from that protocol, seeds of crotalaria were germinated in a greenhouse at 20 °C because laboratory tests had documented the need of 20 °C for high germination rates. Only after successful germination and plant establishment (two weeks after seeding), ten to twelve plants per treatment (depending on the experiment) were transferred into an environmental growth chamber for incubation at the preset published temperature regiment. Plants were inoculated with 1000 second-stage juveniles (J 2 ) of either H. avenae or H. filipjevi. A subset of plants was harvested ten days after inoculation for root staining for nematode penetration following the protocol by Byrd et al. [27] .
Resistance determination to Heterodera schachtii
In a first experiment (experiment 1), the test plants were planted into the folding boxes as described for the cereal cyst nematode tests to allow for recovery of the young plants, and root staining according to Byrd et al. [27] . All following tests for resistance against H. schachtii (experiment 2-4) followed the standard protocol [28] . Briefly, eighteen seeds of each of the crotalaria 'Tropic Sun' and 'Tropic Sun' were planted into 1.4-L pots filled with loess material. This material had been sieved, and mixed with slow-release fertilizer (Osmocote  , containing macro-nutrients at 11:11:13:2) and cysts with contained eggs of H. schachtii from greenhouse culture before potting. After emergence fifteen plants per pot were maintained. Four replicate pots were prepared for each of the three independent runs of this experiment with the following initial population densities: 1,174, 1,174, or 1,695 eggs/100 g of soil, respectively. After a temperature sum of approximately 350 DD, tops were severed, and the test soil incubated for two weeks to allow for completion of the one nematode generation expected in such growing period. Cysts were extracted form composites of two pots, and the eggs counted and classified in healthy and diseased after crushing the cysts [26] . Healthy eggs were counted and reported on per 100 g of soil basis.
Suppressing capacity of planting Crotalaria juncea at different times on Heterodera schachtii
In a microplot experiment in Braunschweig, Germany (52°16' N, 10°34' E, 71 m a.s.l.), bottomless pots of 32 cm diameter were inserted 26 cm deep in soil spaced at 70 by 75 centre-to-centre distance. Pots were bottomless to allow for free water infiltration. Soil at each plot location was removed to 60 cm depth to remove native nematode populations. The depth of 30-60 cm below the soil surface was filled with steamed sandy loam soil (70.4% sand, 23.8% silt, 5.8% clay, 1% O.M., pH 6.2). The layer of 0-30 cm depth was made up of similar soil but infested with 2,695 eggs in 112 cysts/100 g of soil by amendment with infested sandy loam soil before placing into the plots. For the deep and the shallow layer, soil was mixed per each experimental block in a commercial soil-mixing bin. Treatments were assigned in a randomized complete block design with six replications. Plantings of 28 seeds per plot were executed on April 8, May 14, June 6, July 8, and attempted several times unsuccessfully in August, all for a mutual harvest date in October when growth slowed because of quickly declining ambient temperatures. Controls were a fallow treatment and one with H. schachtii-resistant mustard Sinapis alba L. 'Serval' planted on August 28 at the same plant density to simulate the current commercial http://dx.doi.org/10.4322/nematoda.00417
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practice of cover cropping. Intermittendly during the growing season, plant emergence was observed, and plant establishment was counted when plant height was measured.
On October 2, all plants of the experiment were harvested. Plant tops were severed at ground level and weighed. Soil samples were taken (six cores per plot, 30 cm deep) and composited. Plant tops were shredded with a garden chopper (natura 2800L, Gloria GmbH, Witten, Germany) to approximately 3-5 cm long pieces, spread on the plot surface, and incorporated to a 20 cm depth by digging with a fork. After incorporation, each plot received 3 L of water to seal the soil surface, and to encourage soil-plant material contact. Soil samples of October 2 were submitted to a bioassay for determination for infective J 2 of H. schachtii following procedures of Meinecke et al. [29] . Three subsamples per plot were processed by this radish bioassay following the published protocol [29] . On October 27 after 25 days of incubation, soil in each of the microplots was dug with the digging fork to 20 cm depth to promote tissue break down. On November 7, twelve soil cores were taken from each plot to provide material for another soil bioassay for infective H. schachtii by the bioassay [29] and for cyst extraction followed by egg counting [26] .
Additional planting date examinations
Small plots were arranged in split plot design in Braunschweig, Germany, in an area of sandy loam soil (84% sand, 12.1% silt, 3.9% clay, 1.6% O.M., pH 6.5) that had been pre-season pasteurized. The main factor was the planting date (April 8, May 8, June 10, July 8, and August 7). Subplot factor was the plant cultivar. Each subplot was 2 m 2 , and there were four replicate plots for each planting date with the two subplots each. Before the first planting in spring, fertilizer (35 kg/ha P) was evenly spread on the experimental area. In each plot, 300 seeds per m 2 were planted to six parallel 15-cm distance rows at 2.5 cm depth. At harvest on September 23, plants were excised at ground level from a 0.25-m 2 area exhibiting typical growth. Plants were counted and dry weight was determined.
Nitrogen fertility requirements in microplots
A total of sixteen microplots of 1 m 2 filled with sandy loam soil (72.9% sand, 20.5% silt, 6.6% clay, 1% O.M., pH 7.3) were used to examine the potential benefit of administering nitrogen fertilizer at planting of the cover crop. Right after small grain harvest, plots were lightly tilled, and mineral PK fertilizer (26.2 kg P/ha, 100 kg K/ha, and 26.5 kg Mg/ha) was administered uniformly. Nitrogen fertilizer treatments and cultivars were arranged in a split plot design: mineral nitrogen was supplied as calcium ammonium nitrate at 60 kg N/ha or no nitrogen fertilizing as the main factor and crotalaria cultivars 'Tillage Sunn' and 'Tropic Sun' as the subplot factor. Seeds of the crotalaria cultivars at 300 seeds/m 2 were planted in four parallel rows of 10-cm spacing at a depth of 2.5 cm. After emergence, plant stands were repeatedly counted. Plantings were done on August 7, and the entire experiment repeated on August 14. On October 25, plants of the first planting date were excavated, plant tops taken for dry weights, and after counting, roots were washed and examined for rhizobium nodulation. On November 1, plants of the second planting date were processed similarly as those of the first planting date. Subsamples of each of the dried plant tops were processed for carbon and nitrogen content.
Statistical analysis
Experimental data of the resistance determination were summarized as customary in the routine testing program (Westphal, unpublished) . Non-parametric analysis was conducted in Minitab 17 (State College, PA). For Globodera spp., median cyst and egg numbers were compared to the numbers under 'Desiree', and the relative susceptibility calculated according to Niere [30] . In Heterodera avenae and H. filipjevi, counts of penetrated J 2 , females, cysts and eggs were reported. For H. schachtii evaluations, medians were compared and reproductive values calculated and compared to the resistant standards used in the official resistance determination assay. Plant growth data of the field plots were submitted to analysis of variance (ANOVA) using Proc Mixed in SAS (SAS Institute, Cary, NC). Differences were tested at P = 0.05. Nematode counts were analysed after proper log-transformation [x = log 10 (x original + 1)] if necessary to improve the homogeneity of error variances. The percentage of infectivity of J 2 /eggs found at harvest was calculated, and analysed by ANOVA. http://dx.doi.org/10.4322/nematoda.00417
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RESULTS AND DISCUSSION
The two cultivars of C. juncea 'Tillage Sunn' and 'Tropic Sun' were non-hosts or poor hosts of G. pallida, G. rostochiensis, H. avenae, H. filipjevi and H. schachtii. Both cultivars responded similarly to nematode infestations. Previously, few studies had been conducted on the interaction of crotalaria and cyst nematodes, probably because legumes are generally viewed as poor hosts for cyst nematodes [31] . Only in H. glycines, juvenile penetration was measured but reproduction was severely reduced compared to fallow [32] . The findings reported here are valuable additions to the currently known susceptibility range of C. juncea [21] . For implementing a potential cover crop, confirmation of host status to target nematodes is crucial as nematodes may infect plants that are outside their presumed host range, and such could nullify any cover crop benefit.
For all pathotypes of Globodera spp. tested, lower cyst and egg numbers were found under the C. juncea cultivars than under potato 'Desiree', and numbers declined to the level of the fallow treatment (Table 1 ). In the official testing protocol for Globodera spp., the classes range from 9 (highest level of resistance) to 1 (fully susceptible) [30] . If this test was conducted twice and the class ranges for Globodera spp. were used to chararterize C. juncea, 'Tillage Sunn' and 'Tropic Sun' would be assigned to class 9. This resistance is especially important because management options for these quarantine pests are limited. In potato, the use of resistant cultivars is central for any management [24] . Crop sequences with non-hosts reduce numbers but the long survival capacity of viable cyst content makes rotation times disproportionately long [33] . Use of Solanum sisymbriifolium Lam has been proposed [34] but is limited by undesirable agronomic and horticultural characteristics of this spiny and potentially weed seed-producing plant. Use of brassica cover crops showed some promise but is still in experimental phases [35] . Brassica crops are limited by overabundance of brassica species within intensive crop sequences. The high value of potato probably allows for cropping C. juncea at the favorable planting dates during May, June or July.
In tests with H. avenae and H. filipjevi, cereals were penetrated by each of the nematode species that developed into healthy females, cysts and eggs only under the susceptible standard 'Hanka'. No nematode reproduction was detected under the resistant cereal and both of the C. juncea cultivars ( Table 2) . Such lack of reproduction may allow for the successful incorporation of C. juncea into production systems as has been demonstrated in wheat producing systems for fertility benefits of southern US systems [36] . For northern Europe conditions, inclusion of C. juncea as a novel cover crop would be a true enrichment of production systems by increasing crop diversity for managing pests and diseases [37] . This chararacteristic allows for short growing periods with copious amounts of biomass, but also for weed suppression [38] . The fast juvenile development distinguishes C. juncea from other legumes that typically develop slowly. This may allow for cultivating after cereal harvest in late July and fall planting of a new crop in late September/early October. When cropped this way, its vigorous growth can exert some weed suppression [38, 39, 40, 41] . Table 1 . Median numbers of cyst and egg population densities/100 g of soil of Globodera pallida (Pa3; Pi = 1,087 eggs/100 g of soil) and Globodera rostochiensis (Ro1, Ro3; Pi = 1,067; 1,065 eggs/100 g of soil, respectively) on potato 'Desiree', Crotalaria juncea 'Tillage Sunn' and 'Tropic Sun', and fallow in a greenhouse experiment conducted according to standard protocols*. Cysts and eggs were extracted from the entire pot volume, and numbers converted to counts per 100 g of soil.
Globodera pallida Pa3
Globodera rostochiensis Ro1 Globodera rostochiensis Ro3 Parameters collected for plant response to H. schachtii included early root penetration and reproductive values during one nematode generation. Both crotalaria cultivars had much lower penetration by J 2 then the two oilseed radishes (Table 3) . Reproductive values were around the value 1. When resistance grades were assigned following the standard protocol [28] , tentatively the grade 2 was assigned to the crotalaria (Table 3) . Only 'Resoluti' received the highest resistance grade 1 in these assays (Table 3) . In H. schachtii the success of using brassica cover crops is based on the trap crop concept in that initial attraction and penetration by the host plant is followed by prevention of reproduction because of the resistant phenotype of selected plant cultivars [9] . Thus minor penetration of the C. juncea roots by H. schachtii could be favorable by attracting the J 2 Low nematode reproduction on C. juncea similar to that on the known resistant cover crop cultivars of Raphanus sativus L. were found but if this initial penetration is coupled with reproduction suppression needs further investigation.
Under microplot conditions, suppression of H. schachtii by C. juncea was similar to the resistant mustard and the fallow control, and intermittently reduced infectivity of the soil-inhabiting egg populations (Table 4) . At harvest, final cyst and egg population densities indicated some trends but only few were significantly different at P = 0.05 (Table 4) . Two bioassays were conducted: one at harvest (October) and a second test one month after incorporation of crotalaria tissues into the soil (November). In the bioassay with soil of the October sampling, a significantly higher percentage of J 2 /soil populations of the eggs were detected in the radish bioassay in the oilseed radish treatment than in the Table 2 . Root penetration and reproduction of Heterodera avenae, and Heterodera filipjevi on Crotalaria juncea 'Tillage Sunn' and 'Tropic Sun' in greenhouse experiments conducted following standard protocols. 0 -*Medians with the same letter were not significantly different at P = 0.05; †Number of H. schachtii eggs/100 g of soil after one nematode generation; ‡The original R-value was calculated as R = Pf/Pi, where Pf = the number of eggs counted after one nematode generation, and Pi = the number of eggs at planting. The standards of the closest related experiment were used for comparisons with the test cultivars; § A R-value relative to the four resistant oilseed radish standards (Adgio, Diabolo, Radical and Resoluti) was calculated using the standard protocol; this relative R-values was used to assign a resistance grade between "1" most resistant and "9" most susceptible following standard procedures (Müller and Rumpenhorst [28] ). http://dx.doi.org/10.4322/nematoda.00417
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other four main treatments (Table 4 ). No differences in this parameter were observed in the soil of the November sampling (Table 4) . A major proportion of the beneficial nematode suppression by C. juncea is attributed to nematode-resistance. Tissues of C. juncea contain alkaloids [42] . Content of pyrrolizidine alkaloids especially in 'Tropic Sun' was low [43] , and it remains to be clarified how important these are in the nematode suppression. When we incorporated plant tops in our microplot studies after cover crop harvest we did not see additional nematode suppression (Table 4) .
While the key components of nematode suppression are generally affected by these direct plant characteristics of host status and content of nematicidal compounds, microbial shifts could be important as well. For example, soil cropped with crotalaria experienced a stimulation of nematode-trapping fungi [44] . At the same time, Crotalaria spp. do not only have a close association with rhizobia but also mycorrhizal fungi [45] illustrating the far-reaching effects of growing this cover crop. The initial infection combined with lack of reproduction was found for Meloidogyne incognita (Kofoid & White) Chitwood and Rotylenchulus reniformis Linford & Oliveira [45, 46] , and it may be important for the active trap crop character of C. juncea.
Crotalaria spp. is frequently used as cover crop throughout the western world including temperate regions [22] but it is also an important cash crop in India [47] . There, it grows well and produces seeds. Even at generally favorable growth conditions of South Texas, planting date had a huge impact on productivity [48] . The productivity is best described by a cumulative degree day model that predicts biomass production of C. juncea [49] . Thus it was not surprising that only selected planting dates provided the largest biomass in our studies. Both cultivars grew most vigorously when planted in early summer, and established only poor plant populations when planted in April or August. Crotalaria juncea prefers temperatures of 20 °C for proper germination (Westphal, unpublished) . Under controlled conditions, the C. juncea cultivars germinated at >90% only at 20 °C whereas germination was <80% at 17.5 °C (Westphal, unpublished) indicating the high temperature requirements of this tropical legume.
In the outcome of this project, implementing crotalaria in northern Europe is an alternative to the use of known cover crops. One obvious limitation for the introduction of new plant species into a given area is the risk of weediness. For example in Nigeria, Crotalaria spp. are considered weeds but these plants are yet promoted for their nematode-trapping capacity [50] . The risk for weediness in central Europe is not given because C. juncea does not set viable seeds North of the northern latitude of 28° (NRCS 1999 cited in Stallings [36] ). It withstands a number of herbicides [41] , and thus could be used as uniform cover. In some studies, C. juncea provided weed suppression and reduced different Meloidogyne spp. while in other studies the leguminous cover crop cowpea [Vigna unguiculata (L.) Walp.] 'Iron Clay' was only resistant to one species [51] . In general, northern Europe (52° 16' N) is out of the range of preferred cultivation of C. juncea [52] but it is grown successfully in the temperate climate of Maryland, US and the Po Valley of Italy [22, 23] . In addition to less than optimal soil temperatures in northern climates, damage from game and slugs not encountered in traditional areas may impact planting success. For example, deer will browse plants, turkey and quail will use C. juncea for shelter and food [53] . On average, both cultivars established the highest plant population densities when planted in June and July (Figure 1a) . May plantings had the most biomass (Figure 1b) . Although there was some differential response for the May and the June plantings, overall numbers were similar for both cultivars (Figure 1b) . Plant population densities were highest in June and July (Figure 2a) . Plantings in April and August mostly failed, probably because of inclement weather conditions coupled with a partially unexplained crop failure of dislodging tops (Figure 3 ). Biomass production was higher in earlier planting date treatments of May and June that had the highest amounts of biomass (Figure 2b ). 
In arable soil, the amount of rhizobium nodulation was limited. Within the genus Crotalaria, C. juncea was a fast growing and high N-binding species [54] . No detailed evaluations of the test soil concerning N status were conducted. We speculate that high levels of this plant nutrient and fairly late seeding (associated with declining soil temperatures) may have contributed to the lack of nodulation. Counteracting of such environmental stresses to nodulation is well documented [55] . In the fertility tests, cultivars responded similarly to the nitrogen fertilizer amendments. On average of the two experiments and for the two cultivars, the percent nitrogen per dry matter of the tops was increased from 3.61 ± 0.10 to 4.31 ± 0.12 (P = 0.01), and the nitrogen content in the roots from 1.84 ± 0.05 to 2.15 ± 0.06 (P = 0.0239; data not shown). Other yield parameters were similar. No increased N contribution via the plant material was found (data not shown).
The experiment in non-infested ground had fairly suppressed growth at the planting times examined. Penetrometer readings throughout the experimental area revealed the presence of severe soil compaction below 20-25 cm depth. Such soil problems would probably be alleviated in sugar beet fields where a deep rooting horizon is mandatory for the cash crop. Similarly heavy August rains probably encumbered the August planting that failed in one of the contexts.
CONCLUSIONS
Two cultivars of C. juncea were non-hosts or poor hosts for several cyst nematodes. The cultivars grew vigorously at supportive planting dates. The combined potential benefits of this tropical legume of nitrogen fixation with nematode suppression appear to make it a valuable enrichment of intensive production systems in northern Europe.
